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This paper demonstrates two applications of remotely sensed data, 
detection and identification. The methods for each application differ 
since each is based upon different concepts. This paper studies the compo­
sitional zonation within an ash-flow tuff, specifically a compound cooling 
unit within the southwestern Nevada volcanic field.
The first application, detection, is based upon an image model where 
image processing techniques are utilized to accentuate relative differenc­
es in radiance. Identification, the second application, is founded upon a 
physical model. The nature of the interaction of electromagnetic radiation 
within the atmosphere and with the surface is one that is more amenable to 
understanding and interpretation. The approach for the second method, 
albeit simple, is accomplished by calibrating the satellite spectroradi-
ometry with field acquired spectra.
Thematic Mapper imagery units do not correspond on a one to one 
basis with individual geologic units but rather with concentrations of 
ferric / ferrous iron and hydroxide concentrations. Varying relative 
amounts of ferric / ferrous oxide and hydroxide concentrations aid in 
detecting and identifying slight compositional changes within ash-flow 
tuffs. Thus, remotely sensed data aids in a reconnaissance geologic 
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There are basically three important types of applications or studies 
that may be undertaken with remotely sensed data (Slater, 1980). The first 
is a project dealing with simple detection of ground features accomplished 
by mapping relative differences in radiance. The change in spectral 
radiance at the sensor is a function of the change in radiance of the 
ground scene, which in turn depends on the average wavelength used, 
spectral interval, the effective ground instantaneous field of view, and 
time. Ground reflectance and Thematic Mapper digital counts are related 
linearly. A second and more difficult approach involves the use of 
absolute calibration to identify unknown areas through the use of physical 
models, which allows understanding and characterizing the physical 
interactions taking place. The third and most demanding is to identify a 
surface by the remote determination of spectral reflectance.
Scientific Questions
The three scientific questions posed for this thesis are listed
below.
1. Can visible and near-infrared digital satellite data aid in a 
reconnaissance geologic mapping of ash-flow tuffs?
2. Is this same satellite remote sensing data useful in identifying 
compositional variations within ash-flow tuffs?
3. What is the procedure necessary to detect and identify these 
compositional variations within ash-flow tuffs?
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Methodology
The methodology proposed to answer the preceding scientific 
questions was determined by the first two types of studies that may be 
addressed with remotely sensed data. Specifically, the first two 
applications, mapping and identification, determined the approach. Two 
models, image-based and physical, were utilized to direct this image 
analysis (as opposed to a hyperspectral data analysis).
An image-based model was used to account for mapping relative 
radiance differences. This method employed image processing techniques for 
determining and maximizing variance for display purposes. This approach 
relied solely on optimizing relative radiance differences based on image 
statistics. Three different types of statistical analysis were employed to 
judge the effectiveness of satellite data in a reconnaissance geologic 
mapping of ash-flow tuffs.
A physical model was utilized to determine compositional differences 
within an ash-flow tuff. This model was based upon the nature of the 
interaction of electromagnetic radiation within the atmosphere and with 
the surface. The approach for this second method, albeit simple, is one 
that is more amenable to understanding and interpretation. Absolute 
calibration was accomplished by adjusting the satellite spectroradiometry 
with field-acquired spectra.
Organization
The following is a brief description of the organization of the 
study according to section. Section 2 is a general description of the 
geology and terminology. Section 3 describes the methodology for detection
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or mapping. Three statistical techniques are presented which describe the 
"best band combination" for mapping. It is important to emphasize that all 
of these techniques are statistical and do not assume any underlying 
physical cause for the spatial variability of surface components. The 
remainder of the thesis is devoted to the identification of these surface 
components. Section 4 describes the rationale and methodology for 
identification of geologic surface components. Part A describes methods 
previously used by researchers for identification of various lithologies. 
One study identified basalts and cinder, while the second attempted to 
identify altered areas. This is followed, in Part B, by the determination 
of correction factors. Radiance values, measured at the satellite, are 
corrected with the aid of field spectra. Part C is the interpretative 
aspect of this thesis. Field spectra assisted in the selection of image 
processing techniques which accentuated the differences between units of 
varying composition. The enhanced images are reviewed and compared to the 
mapped geological units and features. Section 5 presents conclusions and





The geological test area is located within the southwestern Great 
Basin, a subprovince of the Basin and Range physiographic province. This 
is a portion of the Great Basin, which is characterized by linear mountain 
ranges and intervening valleys, located mostly within the state of Nevada. 
The specific site is the Yucca Mountain area, located within the 
southwestern Nevada volcanic field (figure 1) . The Yucca Mountain area is 
located within southern Nye county, Nevada. It is approximately 100 miles 
northwest of the city of Las Vegas and 30 miles east of Beatty, Nevada. 
The area is bounded geographically on the north by the Nellis Air Force 
Range (U.S. Air Force) and on the east by the Nevada Test Site (Department 
of Energy). Elevation within the area is approximately 600 to 1400 meters 
and Yucca Mountain (1700 meters) proper is one the lower ranges. The 
elevation strongly influences the climate, vegetation and surface 
drainage; Yucca Mountain has low precipitation (approximately 10 cm/yr) 
and is covered by sparse desert vegetation. Where the water table is 
relatively deep, typical vegetation is Creosote brush, Mormon tea brush, 
barrel cactus and yucca. Joshua trees and various grasses are generally 
found in higher elevations (Cornwall, 1972).
Study Area
Silicic volcanism started in Miocene time, approximately 16 m. y. 
ago (Byers et al., 1989). Yucca Mountain proper is underlain by a thick 
sequence of calc-alkalic ash-flow and ash-fall tuffs, lavas and volcanic
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Southwestern Nevada Volcanic Field 
(modified from Byers et al.f 1989)
Figure 01
breccias, which were erupted from the Timber Mountain - Oasis Valley 
caldera complex approximately 11.5 m. y. ago (Byers, et al., 1989). The 
pyroclastic sequences resulting in ash-flow tuffs are preceded by thin 
air-fall tuffs while the composition ranges from high-silica rhyolite to 
quartz -latite.
The remainder of this section describes some of the terminology 
associated with ash-flow tuffs followed by a discussion of the problems 
associated with mapping and correlation of these units. And lastly, there 
is a brief description of the detailed stratigraphy of the study site.
Terminology
Ash size particles, less than 2 mm, with a clastic fabric resulting 
from explosive volcanic processes are termed tuffs (Best, 1982). If these 
pyroclastic deposits result from the accumulation of particles settling 
out of the atmosphere under the influence of gravity and blanket the 
ground surface, they are termed air-fall tuffs. Deposits of pyroclastic 
flows, a mixture of gas and ejecta flowing rapidly from the vent and 
following the topography along the ground, are referred to as ash-flow
tuffs.
Ash-flows are recognized as the depositional unit, but a genetic 
unit related to the concept of cooling was conceived by Smith (1960) . The 
following definitions have been generalized and taken from the excellent 
paper by Smith (1960) on zones and zonal variations in welded ash-flows.
A simple cooling unit represents the unimpeded and continuous 
cooling of one or more ash-flows, while compound cooling units display 
deviations from simple cooling patterns. The cooling unit is a sequence of
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genetically related rocks, which is a time-stratigraphic unit, and is thus 
a logical map unit.
If an ash-flow is emplaced above its minimum welding temperature, 
zonations related to all degrees of welding and crystallization are 
superimposed upon the rock. Welding is the process which promotes the 
union or cohesion of glassy fragments and continues until complete or 
stopped by cooling or crystallization of the glass. The degree of welding 
may range from non-welded to completely welded. There is a cohesion of 
glassy fragments at their points of contact (partial) to cohesion of the 
surfaces of glassy fragments accompanied by their deformation and 
elimination of pore space (complete). Cooling of welded deposits may 
result in ash-flows that range from completely glassy to mostly crystal­
line. Crystallization is the process which takes place in many ash flows 
subsequent to, or in part synchronous with the welding process. Physically 
and / or chemically different environments within the cooling unit may 
give rise to different types of crystallization. Devitrification is the 
crystallization of glass to form spherulitic and axiolitic intergrowths 
and aggregates, chiefly of cristobalite and feldspar. This is confined 
within glass fragments or massive glass. Vapor-phase crystallization is 
the growth of crystals, from a vapor-phase, in the pore spaces. In 
rhyolitic ash flows the predominant vapor-phase minerals are alkalic
feldspar, tridymite and cristobalite.
Although ash-flow sheets have generally been described as homo­
geneous, compositional variations have been noted within individual ash- 
flows. Hildreth and Mahood (1985) stated that almost every pyroclastic 
unit greater than a few cubic kilometers has been found to be composition­
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ally zoned. These exhibit vertical variations in chemical and mineralogi- 
cal composition. Some of these compositionally zoned ash-flow sheets have 
been interpreted to represent compositional zoning within the pre-erupted 
magma body (Smith, 1979). Zonations in ash-flow tuffs from various parts 
of the world have been reported (Lipman et al., 1966). The Mazama Tuff, 
within Crater Lake National Park, is a compositional sequence of tuffs 
believed to be the inverted representation of a zoned magma body (Smith, 
1979). Other examples include the Pleistocene Bandelier Tuff surrounding 
Valles caldera in northern New Mexico, the Pliocene Starlight Formation in 
southern Idaho, the Pliocene Spearhead and Trail Ridge Members of the of 
the Thirsty Canyon Tuff, the Miocene Topopah Spring and Tiva Canyon 
Members of the Paintbrush Tuff, the Pliocene Rainier and Ammonia Tanks 
Members of the Timber Mountain Tuff, (Lipman et al., 1966).
Mapping and Correlation
There are numerous reasons why it is difficult to map and correlate 
ash-flow units. The following few examples have been excepted from 
Hildreth and Mahood (1985). There may be a discontinuous primary 
distribution of the ash-flow sheet due to topography. There may also be 
fragmentary preservation caused by differential erosion. Physical, 
chemical and even zoning similarities among successive ash-flow sheets 
from multicycle eruptive centers may cause difficulties. Vertically and 
laterally zoned welding and crystallization variations (Smith, 1960) are 
additional complicating factors in mapping and correlation. Any change m  
discharge rates, velocities and continuity promote variations m  the 
emplacement of the ash-flows. This influences the distribution of the ash-
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flow sheet and subsequently its internal facies. Because of these and many 
other complicating factors, no single criterion should be used to map and 
correlate ash-flow sheets.
Lithologic criteria which aid in field mapping include the 
observation that extensive parts of given sheets look uniform in color and 
weathering, density of welding, zonal patterns of welding and crystalliza­
tion, abundance of lithophysae and vapor-phase seams. These are only a few 
of the features which provide the main basis for field mapping; however, 
these can show variations. Petrographic criteria, for example the color of 
the matrix, may also show variability due to zonal characteristics that 
vary laterally and vertically (Smith, 1960). Chemical criteria must 
contend with the effects of oxidation, vapor-phase transport during 
cooling and post cooling history.
Thus, it is important to utilize all relevant information regarding 
the ash-flow sheets. Remote Sensing, from a space-based platform, may aid 
the field mapper and provide clues to the mineralogical content of the
rocks.
Site Stratigraphy
Scott and Bonk (1984) published the surficial geology of Yucca 
Mountain at an original scale of 1:12,000. The colored version (Plate 01) 
was obtained from the Neo-tectonics Laboratory of the Mackay School of 
Mines, University of Nevada at Reno. Plate 02 is the color legend for the 
geologic map.
The Formational units were separated and mapped as individual 
cooling units (members of a formation). Individual cooling units were
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additionally separated on the basis of composition, welding, crystalliza­
tion. Additional subunits were identified and mapped based on color and 
weathering characteristics. The following detailed description is of more 
interest to volcanic and exploration geologists and may be referred to if 
necessary.
Four members of the Paintbrush Tuff, which in ascending order are: 
1) Topopah Spring; 2) Pah Canyon; 3) Yucca Mountain; and 4) Tiva Canyon. 
The Topopah Spring and Tiva Canyon Members are predominantly densely 
welded, devitrified ash-flow tuffs that enclose between them a sequence of 
nonwelded to partially welded ash-flow tuffs and tuffaceous sediments that 
include the Pah Canyon and Yucca Mountain Members.
The Topopah Spring Member of the Paintbrush Tuff is a compound 
cooling unit. There is a nonwelded glassy base and top that grades inward 
toward a zone of partially welded tuff and eventually into a thick densely 
welded devitrified center. Superimposed across zones of similar welding 
characteristics are zones of devitrification and vapor-phase crystalliza­
tion. It is also compositionally zoned. There is a phenocryst rich quartz- 
latitic caprock overlying a phenocryst poor rhyolite.
The Pah Canyon and Yucca Mountain Members of the Paintbrush Tuff are 
thin, nonwelded ash-flow tuffs. The Pah Canyon contains 5 to 15 percent 
phenocrysts of alkali feldspar.plagioclase andbiotite. The Yucca Mountain 
Member is a uniform, shard-rich tuff containing small amounts of pumice, 
phenocrysts and lithic fragments.
The uppermost unit of the Paintbrush Tuff, the Tiva Canyon Member, 
is a multiple-flow, compound cooling unit, made up of flows that erupted 
approximately 12.5 m.y. from the Claim Canyon Caldera segment north of
Yucca Mountain (Lipman et al., 1966 and Byers et al., 1976). The Tiva 
Canyon forms most of the surface of Yucca Mountain and is almost entirely 
densely welded. The Tiva Canyon is a compositionally zoned rhyolitic to 
quartz-latitic ash-flow tuff. The quartz-latitic portion is a relatively 
phenocryst rich (approximately 15%) caprock containing alkali feldspar, 
sparse plagioclase, rare quartz and common mafic phases which decrease in 
content downward. This overlies a phenocryst poor (approximately 5%) 
rhyolite comprising phenocrysts of alkali feldspar, rare plagioclase, 
sparse biotite and accessory sphene.
The Rainier Mesa Member of the Timber Mountain Tuff uncomformably 
overlies downfaulted blocks of the Paintbrush Tuff. It was either not 
deposited on or was removed by erosion from the top of the higher standing 
fault blocks that form most of Yucca Mountain proper. It is a moderately 
welded devitrified rhyolitic tuff comprising 10 to 25% phenocrysts of 
alkali feldspar and quartz with sparse plagioclase and biotite. It grades 






This section describes the use of Thematic Mapper digital data to 
assist in detection or mapping surface features. Three statistical 
techniques, based on image variance, describe the choice of spectral bands 
for display. The three routines are the Optimum Index Factor (Chavez et 
al., 1984), Determinant Analysis (Sheffield, 1985) and Principal Compo­
nents. It is important to emphasize that all of these techniques are sta­
tistical and do not rely on any understanding or knowledge of the physical 
cause of variability within the data set.
The TM digital data used in this study was acquired on August 29, 
1985 (Path 040, Row 034). This timing caused a solar geometry with 
elevation and azimuth angles of 51 and 130 degrees, respectively. The 
projection was originally in a space oblique mercator projection and 
resampled by cubic convolution within TIPS2 to a 28.5 meter spatial 
resolution (see Appendix Ol).
Image Variance based Analysis Techniques
Slater (1980) described the procedure of taking an inventory or 
mapping as relying only on internally calibrated data. There is a linear 
relationship between ground reflectance, radiance and digital counts. 
Detecting surface features on the basis of relative differences in 
radiance thus relies only on image enhancement. Increasing apparent 
contrast between surface features is facilitated by choosing bands or 
generating combinations which have the greatest variance.
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The total number of combinations of three bands selected from the 
six visible and near infra-red bands is twenty,
12!
r!(n-i)!
where, n is the number of bands (six) and r is the number of bands in 
combination (three).
Plate 03 is a natural color rendition of the Yucca Mountain area 
corresponding to the three visible bands (3, 2 and 1) of the Thematic 
Mapper sensor and are displayed as red, green and blue, respectively. The 
detailed study area, covering a portion of Yucca Mountain, is outlined in 
the upper right portion of the image. The most obvious characteristic of 
this band combination is the lack of color discrimination between units. 
This results from the natural spectral correlation between land cover and 
the high correlation between bands (Schowengerdt, 1983).
The following describes three image variance based techniques which 
calculate a "best" possible three band combination for display. FORTRAN 
programs were written (Press et al. , 1986) which implemented the following 
routines. A general comparison of the imagery with the mapped geology is 
made at the end of the section.
16
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A method, called the "Optimum Index Factor" (OIF) was developed by 
Chavez et al. (1984). It derives its name from the ranking of subsets 
based upon the amount of correlation and the total variance existing 
between each of the bands which are processed as a subset. For example,
where, SDi = standard deviation of band i (square root of the variance) and 
CCj = absolute value of the correlation coefficient between any two o.f the 
three bands. The ordering of "best" possible combinations or subsets 
selects a combination of 1,5 and 7 as the first choice. For example, 
(15.33) + (21.79) + (13.82) / (0.676) + (0.623) + (0.943) = 22.72. The TM 
covariance / correlation matrix is listed in Table 01 while the computed 
OIF values are tabulated in Table 02. Plate 04 is an example of TM 7, 5 










235 .963 .940 .871 .676 .623 
140 90 .978 .926 .750 .686 
219 141 231 .969 .797 .743 
164 108 181 151 .855 .807 
226 155 264 229 475 .943 
132 90 156 137 284 191
AV
SD
140 68 100 84 140 86
15.33 9.49 15.20 12.29 21.79 13.82




01 (1. 5, 7) 22.72
02 (1, 3, 5) 21.68
03 (1, 4, 5) 20.57
04 (3, 5, 7) 20.47
05 (1. 2, 5) 19.51
06 (1, 3, 7) 19.23
07 (2, 5, 7) 18.96
08 (3, 4, 5) 18.80
09 (2, 3, 5) 18.41
10 (4, 5, 7) 18.39
11 (1, 4, 7) 18.01
12 (2, 4, 5) 17.21
13 (1. 2, 7) 17.00
14 (3, 4, 7) 16.40
15 (2, 3, 7) 16.00
16 (1, 3, 4) 15.40
17 (2, 4, 7) 14.71
18 (1, 2, 3) 1.3.89
19 (1, 2, 4) 13.45




A second statistical technique, Determinant Analysis, also selects 
bands 1, 5 and 7 (Plate 04) as the best possible three banded subset of 
Thematic Mapper bands for display. Sheffield (1985) describes this 
technique as calculating the determinant of each 3 by 3 principal 
submatrix of the original covariance matrix. The determinant is related to 
the maximum ellipsoidal volume encompassed in any three-banded subset. The 
values are then ranked in decreasing order. The band combinations and 
their corresponding determinant values are listed in Table 03.
19
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01 (1, 5, 7) 1278875
02 (1, 4, 5) 1018976
03 (1, 3, 5) 959616
04 (3, 5, 7) 846915
05 (1, 4, 7) 530312
06 (1, 3, 7) 483276
07 (4, 5, 7) 408777
08 (2, 5, 7) 393535
09 (1, 2, 5) 301935
10 (3, 4, 5) 254105
11 (2, 4, 5) 234305
12 (1, 2, 7) 150790
13 (2, 3, 5) 148800
14 (3, 4, 7) 131209
15 (2, 4, 7) 118836
16 (2, 3, 7) 71559
17 (1, 3, 4) 44705
18 a, 2, 4) 31730
19 (1, 2, 3) 15645




Principal Component Analysis (PCA) is a linear transformation which 
produces new axes (or variables) which are combinations of the original 
variables (Taranik, 1978). There are generally fewer new variables which 
reduces the dimensionality of the original data set. Ready and Wintz 
(1973) demonstrated the advantages of image compression and an increase in 
the signal to noise ratio (SNR). The new variables are uncorrelated and 
this eliminates spectral redundancy (Taranik and Perry, 1987). This 
transform may be represented in matrix form by:
Y T (X - U)
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where: Y are the transformed variables, T is the transformation matrix, 
X are the original variables and U are the means of the original 
variables.
The matrix C (covariance matrix of X) is transformed into a new 
matrix B (covariance matrix of Y) by means of the transformation matrix T. 
Matrix T consists of the eigenvectors while matrix B contains the 
eigenvalues. Characteristics of this linear transform are summarized 
(Davis, 1973; Joreskog et al. , 1976; Kolman, 1986; Ready and Wintz, 1973). 
and listed below.
1. The sum of the eigenvalues equals the sum of the individual variance: 
(tr a = tr b); 2. Eigenvalues are generally ordered in decreasing value:
3. A near zero eigenvalue indicates that the original dimensionality has 
been reduced. The rank of the matrix B, consisting of eigenvalues, is 
equal to the rank of the matrix C, consisting of the covariance matrix;
4. Eigenvalues are directed by associated eigenvectors and each vector is 
orthogonal to each other; 5. The coefficients in the transformation matrix 
(eigenvectors) may be viewed as directional cosines. The greater the 
coefficient, the larger the cosine, the smaller the angle between the old 
and new variables and thus, the greater the influence of the original 
variable; 6. T is an orthogonal matrix and therefore its inverse is equal 
to its transpose. ±
7. If variables are correlated, then at least the first eigenvalue is 
greater than the maximum variance of any one of the original variables. 
This proves that a better signal to noise ratio is possible.
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Tables 04 and 05 are the eigenvalues and eigenvectors derived from 
the original covariance matrix. Plate 05 is an example of PCA on the 
visible and near-infrared bands of the TM data. Principal Components 1, 2 
and 3 are color encoded red, green and blue.
Axis Eigenvalues Percentages Cumulative
1 1177.5 85.76 85.76
2 158.8 11.57 97.33
3 16.8 1.22 98.55
4 14.8 1.08 99.63






Component 1 2 3 4 5 6
TM Band 1 0.389 - 0.557 -0.612 -0.170 -0.362 0.064
2 0.254 - 0.275 0.009 -0.055 0.580 -0.722
3 0.420 - 0.349 0.356 0.159 0.420 0.611
4 0.345 - 0.135 0.587 0.259 -0.592 -0.316
5 0.598 0.556 0.042 -0.574 -0.008 0.037










The criterion for this interpretation is based solely on the total 
number of distinct color units present. Remotely sensed data only measure 
electromagnetic radiation from natural surface cover types which may or 
may not correlate with interpreted geologic units (Taranik, 1976). Color 
or imagery units (radiometric color units) and interpreted geologic units 
do not necessarily correspond and such correspondence is purely a matter 
of serendipity. It is absolutely necessary to correlate these imagery 
units with geologic units in the field. However, one can make intelligent 
deductions from the data by selecting band combinations, use of photogeo- 
logical techniques and empirical knowledge.
Plate 04, TM bands 7, 5 and 1, is the "best" band combination 
determined from both the Optimum Index Factor and Determinant Analysis. 
There are few color imagery units, basically hues of yellow and blue. 
There is no direct correspondence between imagery color units and geologic 
ash-flow tuffs. The Rainier Mesa rhyolite, displayed as a pale yellowish 
blue may be easily confused with the Tiva Canyon quartz-latite. The Tiva 
Canyon consists of two distinct hues, yellow and blue; a correlation 
between the Tiva Canyon quartz-latite caprock and the underlying rhyolite. 
The compositional variation within the Tiva Canyon can be detected with 
this "best" band combination.
Plate 05 is an image of Principal Components 1, 2 and 3 color 
encoded red, green and blue, respectively. Again, there is no direct 
correspondence between geologic and imagery units. The imagery units 
represent a linear combination of the original TM bands and are a function 
of the image variance. This variance may be caused by natural surface
25
cover, pre-processing (see Appendix 01) or a combination of both. Princi­
pal Component one, with positive contributions from all bands (Table 05), 
is generally thought of as a brightness image. This first component, color 
encoded red, accounts for 86% of the total variance (Table 04). The 2nd 
and 3rd components, colored encoded green and blue, are considered to be 
pairwise differences of the visible and near-infrared bands (Gillespie, 
1980) .
Plate 05 also depicts few color imagery units, basically hues of 
reds and blue; however, more variation exists than in Plate 04. And once 
again, there is no direct correspondence between imagery color units and 
geologic ash-flow tuffs. The Rainier Mesa is still indistinguishable from 
the quartz-latite caprock of the Tiva Canyon. The Rainier Mesa rhyolite is 
a orange red indicating a slight variation in brightness between this and 
the Tiva Canyon quartz - latite. The rhyolite of the Tiva Canyon is 
distinctive and color encoded shades of blue indicating a high response in 
PC 3. However, distinctions between geologic units are less apparent due 
to the removal of shadowing effects produced by topographic variations.
Although, the "best" band combination of 7, 5 and 1 (Plate 04) and 
Principal Components 1, 2 and 3 (Plate 05) do not specifically depict 
geologic units, the variation between natural surface cover types is an 
aid to mapping in the field. For example, the imagery directs the field 
mapper to areas for a more detailed or thorough mapping.
Conclusion
Variations in surface radiance are represented by changes in 
digital counts. Detecting relative differences is straight forward and is
assisted by statistical techniques in choosing bands which detect maximum 
surface variance. Two techniques, the Optimum Index Factor and Determinant 
Analysis determined TM bands 7, 5 and 1 as the best choice for image 
display. Principal Component Analysis, the third statistical technique, 
was a linear combination of all visible and near-infrared bands. There was 
no direct comparison of radiometric (imagery) units with interpreted 
geological units. The Rainier Mesa rhyolite and Tiva Canyon quartz-latite 
were not separable; however, the Tiva Canyon rhyolite was separable from 
both other units.
Though some differentiation between geologic units is possible, 
satellite spectroradiometry provides the capability to choose bands' where 
spectral features of land cover classes are present. We know from 
laboratory data, for example, clays and carbonates have absorption 
features within the Landsat Thematic Mapper band 7. Should we not choose 
our bands to exhibit features that are directly related to interpretation? 
Imagery should be enhanced to allow deduction of landscape characteristics 
which include landforms, drainage and cover types (Taranik, 1978). Thus, 
an alternative method, based on the location of spectral absorption 






Part A describes previous studies for identification of surface 
features by Davis et al. (1987) and Castor et al. (1990). The former study 
attempted to discriminate altered basaltic red cinder from surrounding 
rocks. This study was based on an image variance model with subsequent 
atmospheric and flat field corrections applied. The latter attempted to 
identify altered areas (argillic and iron oxide alteration) by means of 
ratioing Thematic Mapper bands.
Part B describes the calibration of satellite data. The basic method 
for calibrating the satellite data was with ground reflectance measure­
ments. A linear regression of surface reflectance to sensor response 
corrected the satellite scanner digital data for atmospheric scattering 
and variations in processing between bands. A brief description of the 
field instrument is followed by sampling methodology, validation of 
measurements and the calibration coefficents which relate surface 
reflectance to sensor response.
Part C presents the interpretative aspect of this thesis. Field 
spectra and thin sections are reviewed which assist in the choice of image 
processing techniques to enhance and identify the units. The processed 
imagery is compared to the detailed geologic map of the area. It must be 
emphasized that the geologic map is an interpretative product. Examples of 
what is and what is not possible to detect and identify within cooling





A study by Davis et al. (1987) was designed to discriminate altered 
basaltic cones or vent areas from surrounding rocks, such as basaltic lava 
flows. For display purposes, the choice of band combinations was 
determined empirically after performing Optimum Index Factor and 
Determinant Analysis. It was eventually decided to use the TM band 
combinations of 5, 4 and 1 as red, green and blue, respectively. Plate 06 
is a color reproduction of this published image.
The mineral constituents were determined by x-ray diffraction (XRD) 
after removal of the top 20 micrometers of the surface. The procedure was 
based on the work of Buckingham and Sumner (1983) , who determined the 
average depth of penetration of a 0.9 micrometer wavelength (equivalent to 
TM band 4) into artificially produced iron-oxide coatings was approx­
imately 20 micrometers. The primary minerals were mostly plagioclase 
(labradorite), olivine (forsterite), pyroxenes (hypersthene, pigeonite and 
augite) and magnetite. The desert varnish consisted of clay minerals 
(montmorillonite/illite mixture and kaolinite), ferro-manganese oxide 
minerals (hollandite and birnessite) and hematite.
The authors corrected for atmospheric scattering by measuring TM 
digital values within shadowed areas, which were then subtracted for each 
TM band. Additionally, a flat field correction (Colwell, 1983; Joint NASA 
/ Geosat Test Case Project, 1984; Short, 1982) was applied to compare 
laboratory spectra with that derived from satellite measurements. Digital 





TM 5, 4, 1 = R, G, B 
(from Davis et al., 1987)
Plate 06
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units. Despite a relative increase in reflectance, from the ultra-violet 
to the infra-red, of laboratory hematite and montmorillonite, the 
normalized spectra of their varnished flow basalt was determined to be 
spectrally flat. The cause of the flat normalized spectra of varnished 
flow basalts was attributed to the greater abundance of ferromaganese 
oxide minerals relative to hematite present in the mineral assemblage of 
the desert varnish. The results indicate that this study did indeed 
distinguish altered basaltic cinder from its surrounding lithologies. 
Notice the two cones within the central portion of the image. There is 
basaltic lava with cinder that has been correctly discriminated and 
identified. A benefit of this procedure was that it was entirely image 
based. Both corrections (haze and normalization) were derived from the 
image data itself. Only very general shapes of their derived reflectance 
curves were comparable to laboratory data. Basalts were spectrally flat 
while cinder showed a large increase in relative reflectance from the 
shorter to longer wavelengths. However, their identification of the flow 
basalt as a varnished basalt appears incorrect. The spectra is flat and 
not increasing throughout the range of wavelengths. Figure 02 is a plot of 
the TM values of Davis et al. (1987) for their varnished basalt. Included 
are bidirectional field spectra convolved with TM spectral bandpasses to 
produce expected TM values for varnished and unvarnished basalts. The 
cause of this discrepancy is probably due to the image-based method of 
correcting for atmospheric scattering and normalization. However, the 
incorrect identification of a varnished basalt does not detract from their 
general results.
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TM Reflectance of Basalts 
Figure 02
Uncalibrated ratios
The Nevada Bureau of Mines and Geology (Castor et al., 1990)
prepared an economic evaluation of the Yucca Mountain area for the Science 
Applications International Corporation. One portion of this work consisted 
of a Remote Sensing study, to determine surface rock alteration within the 
proposed area for withdrawal. A standard industry approach was taken to 
discriminate these altered areas. A false color composite of three ratios 
was used to display the iron oxide and clay alteration.
The rationale for the preparation of the false color composite image 
was based upon laboratory reflectance curves of "pure" iron bearing and 
clay minerals. The most detailed work in spectroscopy of minerals and 
rocks has been published by Hunt and Salisbury. Figure 03 is the spectral 
reflectance curves of selected iron-bearing minerals with Fe3+ in different 
coordinations (Hunt and Ashley, 1979). Iron-oxides display characteristic
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Selected iron-bearing minerals 
Figure 03
absorption features near 450 nm and between 750 and 900 nm, corresponding 
to TM bands 1 and 4, with a maximum in TM band 3 (see Appendix 01).
Selected phyllosilicates (Hunt et al. , 1973) are presented in figure 
04. Clay minerals also have distinctive absorption features, but these 
occur near 1400, 1900 and 2200 nm. The first two features do not occur 
within an atmospheric window while the last absorption feature is located 
within TM band 7 (see table 09).
The ratios of 3/1 and 5/7 would display absorption features that are 
located in the bandpass regions of the denominator and would cause iron 
and clay minerals to appear bright. An additional ratio, TM 4/3, was 
generated to display vegetation. TM 5/7 was displayed as red, TM 3/1 as 
green and TM 4/3 as blue. It was stated that areas of argillic alteration 
would appear red, while those consisting of iron-oxide alteration, green.
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Phyllosilicates - the clay minerals 
Figure 04
Areas containing both argillic and iron oxide alteration would appear 
yellow on the imagery due to additive color theory. A color reproduction 
of this TM false color ratio composite is presented in plate 07.
There are numerous problems with this attempt at discrimination of 
altered areas. First, Thematic Mapper digital values should be normalized 
for solar insolation and sensor response (Goetz, 1989). This made 
comparison with published laboratory data impermissible. Note the cone in 
the lower left of the image which was identified by Davis et al. (1987) as 
a varnished basaltic lava flow with scoriaceous cinder. Now, this dark 
gray basaltic lava flow is color encoded red and identified as an area of 
argillic alteration. The red volcanic cinder deposits are color encoded 
blue indicating vegetation. Field verification of imagery (color) units 
and an examination of a topographic map would have revealed a problem with
Uncalibrated TM ratios 
(from Castor





this type of processing. For simply mapping relative differences in 
radiance, this approach is still found lacking. Ratios remove most of the 
variance which, when followed by contrast stretching, increases the noise 
component. This reduces the total number of possible discriminated 
radiometric units, reduces the signal to noise ratio and produces a grainy 





A Geophysical Environmental Research (GER) infra-red intelligent 
spectroradiometer (IRIS) was used to acquire measurements in the visible 
and near infra-red portions of the electromagnetic spectrum (0.4 to 2.5 
micrometers). The IRIS is a dual beam portable field spectroradiometer. It 
was used in the field as a spectrometer by taking radiance measurements of 
a standard and sample simultaneously. A bidirectional reflectance factor 
(Nicodemus et al. , 1977) was calculated for every 0.004 micrometers for 
the entire interval (see figure 05).
Z
X
Geometry of incident and reflected elementary beams 
(from Nicodemus et al., 1977)
Figure 05
37
Four calibrations were needed to generate interpretable field 
spectra from the raw measurements. The first calibration was a dark 
current calibration, which is the noise level of the instrument. This is 
an additive factor which is subtracted from the signals of the reference 
and target. It is calculated by taking a reading with the field of view 
totally blocked. The second calibration converts the instruments' channels 
into specific wavelengths. This is performed with a krypton reference 
spectrum. The third is a gain calibration, which is a multiplicative 
factor that accounts for automatic changes in signal level. The fourth is 
a detector function which allows the generation of percent reflectance. 
This is calculated by measuring a bright reflectance target in both fields 
of view and accounts for differences in detector response. A plate of 
spectralon, produced by Labsphere, Inc. was used for this and every other 
measurement. The applied function is the reciprocal of this measurement, 
which is a multiplicative factor. All four calibrations are needed to 
produce meaningful spectra that may be interpreted.
Sampling Methodology
The following criteria were determined appropriate for selection of 
target calibration sites (Elvidge, oral communication). There should at 
least be two target sites, - bright and dark areas. Targets should be 
located within topographically flat, homogeneous areas and be relatively 
spectrally flat. Sixty eight spectra were acquired for both bright and 
dark targets. This consisted of thirty six spectra covering a 30 X 30 
meter area and 32 spectra covering the adjacent eight pixels. Four samples 
of three intermediate albedo targets were also acquired.
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The bright target was located within a playa consisting of clays 
with some thin and spatially irregular iron oxide coatings. The dark 
target was located within one of the flat basaltic flows. The dark target 
area was not as homogenous as the bright area. In addition to the basalt, 
there were aeolian clays and vegetation. There was approximately three 
percent vegetation within the central dark target sampling area while the 
entire sampled area consisted of approximately seven percent vegetation.
Validation
The average time for taking 68 measurements was two hours with a 
corresponding change of four degrees in solar elevation and 30 degrees in 
azimuth. A question was raised by this author concerning the validity of 
comparing measurements over time. For example, was there a systematic 
trend in reflectance values caused by an increase in heat of the 
instrument? Or, was a change in solar geometry causing a change in the 
bidirectional reflectance factors (Nicodemus et al., 1977)?
To answer this question of comparing measurements, a linear 
regression was performed on each spectral interval for each bright target 
measurement. There were eight hundred and twenty one original spectral 
reflectance values (without grating overlap) at sixty eight sites. No 
trend in the data would indicate the validity of comparing measurements. 
This would also permit using the average value for all the measurements. 
Figure 06 is a plot of just one spectral interval (0.500 micrometers) for 
each of the 68 sample sites for the bright target. No trend in the 
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Bidirectional (field) Reflectance 
versus sample number
Figure 06
After performing a linear regression, the variance was estimated 
about the regression. A two-tailed t test was performed to determine if 
the slope of the regression line had any significant trend. The t test 
statistic did not fall into the critical region. Thus, the null hypothe­
sis, which stated that the slope of the regression line was zero, could 
not be rejected. This test was performed on all eight hundred and sixty 
one spectral intervals.
There are however a number of assumptions concerning linear 
regression (Davis, 1986). The first is that the variance is constant about 
the regression line. Figure 07 is a plot of the absolute values of the 
deviations from the original regression line. This was tested by 
performing a linear regression on the absolute values of the deviations
from the fitted line.
40
co






Bright Calibration Target 
Wavelenght =  0.50 m icrom eters 
y  =  0.01 Ox +  2.24
- 20-
9 17 25 33 41 49 57 65
Sample number (inc time)
Deviations from Linear Regression
Figure 07
If no significant trend existed or if the data were stationary, the 
consistency of variance with time would show no significant slope. Another 
two-tailed test could not reject that the slope was zero.
The second assumption regarding linear regression assumes residuals 
from the regression are free from autocorrelation. A plot of the signs of 
the deviations from the regression would test for autocorrelation of the 
residuals. Figure 08 is plot of the signs of the residuals. Using a 5% 
level of significance and a two-tailed test, the number of runs does not 
suggest nonrandomness.
Data Reduction
FORTRAN programs were written to perform a linear interpolation 




0.001 micrometers. These values were then convolved with the TM spectral 
response functions (see figure 16) producing a relative percent reflect­
ance value for each TM band. The next step in the calibration process was 
to plot the relative percent reflectance of the ground targets versus the 
digital values extracted from the imagery for each TM band. This was 
followed by a linear regression which provided the necessary equations for 
converting raw TM digital data into meaningful and interpretable spectra 
(table 06). It should be noted that the calibration values are only 
relevant for this particular date of TM imagery.
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TM band
y = mx + b
l 0.188x _ 11.60
2 0.356x - 6.01
3 0.272x - 5.00
4 0.389x - 5.12
5 0.272x - 2.19
7 0.349x 4- 0.77
Calibration Values
Table 06
An example of the raw TM digital values with corrected values 
(atmospheric and between band corrections applied) for the dark target is 
provided in figure 09.






Figure 10 is a plot of the field acquired reflectance of the Rainier 
Mesa rhyolite, Tiva Canyon quartz-latite and the Tiva Canyon rhyolite. 
Also included is a sample of scoriacous cinder (9.08 weight % of ferric 
oxide) for comparison. Spectra of desert varnish for all three tuff 
samples are indistinguishable from each other and are not displayed. The 
spectra of the three fresh samples of tuffs are described individually.
Bidirectional (field) Reflectance 
Tuffs and Scoriaceous Cinder
Figure 10
The majority of noticeable features within the visible range, 0.4 to 
0.7 micrometers, are caused by electronic processes due to ferric and 
ferrous iron. There is a general fall-off in reflectivity within the
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visible range toward the ultra-violet. This broad absorption feature is 
caused by the trans-opaque behavior of iron oxides (Hunt and Salisbury, 
1971) and is the result of a conduction band with an absorption edge 
occurring near 0.5 to 0.6 micrometers. Absorption features near 0.9 are 
caused by ferric oxides, while ferrous ions are generally responsible for 
features occurring near 1.0 micrometers.
Features occurring within the near-infrared region of the spectrum 
are generally caused by vibrational processes and are much sharper and 
stronger than electronic absorptions. Almost all features are the result 
of free hydroxyl groups, hydrogen bonded hydroxyl groups, molecular water, 
and carbonate or sulphate anions (Hunt and Salisbury, 1970).
Rainier Mesa Rhyolite
The spectra of the Rainier Mesa rhyolite displays a general fall-off 
toward the ultra-violet, yet not as pronounced as the quartz-latite of the 
Tiva Canyon. A slight absorption feature near 0.9 micrometers is 
indicative of ferric iron and is most likely the result of the presence of 
hematite. There are two hydroxyl features between 2.1 and 2.5, probably 
the result of clay mineralogy. The relatively high reflectance throughout 
the spectrum is caused by devitrification products, alteration of 
feldspars to clays and the small particle size of transparent materials.
Plate 08 is a photomicrograph (crossed polars) of a thin section of 
the Rainier Mesa rhyolite. Noticeable features are the spherulites and 
axiolites composed of quartz and alkali feldspars. The highly birefringent 
areas in the devitrified groundmass is likely clay, produced by the 
alteration of microcrystalline feldspar. Oxidation of ferrous iron in
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the groundmass produces a faint reddish brown tint, indicating only a 
slight oxidation of the Rainier Mesa rhyolite.
I--------------- 1
0 0.5 mm
Photomicrograph of Rainier Mesa Rhyolite 
Plate 08
Tiva Canyon Quartz-latite
The overall spectrum of the fresh quartz-latite displays the same 
general fall toward the ultra-violet for the reasons mentioned above. The 
fall-off toward the ultra-violet is more intense than the Rainier Mesa 
rhyolite. There is an absorption feature present at approximately 0.9 
micrometers, attributable to ferric oxides. There is a general increase in 
reflectivity throughout the remainder of wavelengths with the exception of 
an absorption feature near 2.2 micrometers. This feature is attributable
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to an OH' ion within a clay structure, the result of alteration of feldsp­
ars to clays.
Plate 09 is a photomicrograph (crossed polars) of the Tiva Canyon 
quartz -latite. The most obvious feature is the coloration of the 
groundmass mass. The reddish coloration is due to oxidation of the 
ferromagnesian silicates and oxides within the groundmass. In most of the 
glassy upper portion of the Tiva Canyon quartz -latite, the coloration of 
the glass is also a brownish red.
0.5 mm




The spectra of the Tiva Canyon rhyolite is most interesting. A 
combination of a general broad absorption beyond 1.2 micrometers and the 
fall-off toward the ultra-violet results in a most unusual reflectivity 
peak near 0.8 micrometers. It is the opinion of this author that this 
unusual reflectance is caused by a combination of ferric and ferrous 
oxides. Specifically, magnetite and ilmenite are causing the broad 
absorption band beyond 1.0 micrometers and quenching individual features 
from other minerals. Figure 11 (Singer et al. , 1981) displays spectra from 
the artificial mixing of olivine and magnetite on the mineralogic level. 
The broad absorption feature is caused by both ferric and ferrous oxides.
W a v e l e n g h t  ( n i o r o n e t e r s )




Note that the addition of magnetite decreases the overall spectral 
reflectivity of the olivine yet spectral absorption features are still 
discernable.
Plate 10 is a microphotograph (crossed polars) of the Tiva Canyon 
rhyolite. The overall low reflectivity of the Tiva Canyon rhyolite is 
caused by the opaque nature of magnetite and ilmenite, which causes 
smaller particle sizes to be less reflective. Note the overall dark 
aphanitic groundmass charged with fine grained opaques. A lack of visible 
vitric structure is due to the intense devitrification producing fine 
grained alkali feldspars and quartz.
Photomicrograph of Tiva Canyon Rhyolite
Plate 10
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In the glassy portions of the Tiva Canyon rhyolite, glass fragments 
are clear to pale brown. Warren et al. (1989) have petrographically 
distinguished three classes of glasses based upon color related to iron 
content.
Processing
Two simple displays were judged sufficient for identifying the 
differences and similarities between the Rainier Mesa rhyolite and Tiva 
Canyon quartz-latite and rhyolite. The two displays are a false color 
ratio composite and a straight band combination. Both are described below.
The use of ratios is permissible, now that the TM data have been 
calibrated to reflectance by correcting for atmospheric effects and 
differences in processing between bands. A false color ratio composite 
(Taranik, 1978) enhances distinctions between materials having different 
spectral slopes. Plate 11 is such a false color ratio composite selected 
to display materials rich in ferric oxides (TM 3/1 as red), minerals rich 
in ferrous oxides and silicates (TM 4/5 as green) and hydroxides / 
carbonates (TM 5/7 as blue).
The Rainier Mesa rhyolite can easily be detected from the Tiva 
Canyon quartz-latite on the basis of the relative amounts of the iron 
(ferric and ferrous) and hydroxide bearing minerals. The Rainier Mesa 
rhyolite has a mottled orange purple hue. The purple is a mixture of red 
(high values in TM 3/1) and blue (high values in TM 5/7). Thus, it may be 
assumed that the Rainier Mesa rhyolite is slightly oxidized and contains 
clays. The Tiva Canyon quartz-latite is a reddish purple resulting from 
very high values in the red (TM 3/1) and comparatively lower values for
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Scale 1:49,200
Calibrated False Color Ratio Composite 
TM 3/1, 4/5, 5/7 = R, G, B
Plate 11
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the other ratios. Thus, its interpretation is a rock with a considerable 
amount of iron (ferric) oxides and less clays than the Rainier Mesa 
rhyolite. The Tiva Canyon rhyolite is color encoded various shades of 
greenish yellows indicating a rock with a significant amount of ferrous 
oxide or silicate mineralogy versus ferric mineralogy.
A cautionary note is in order at this point. A process of mixing 
occurs also at the pixel level, where different surface materials are 
contributing to a composite signal. Figure 12 is a plot of expected fresh 
values of the Tiva Canyon rhyolite, expected desert varnish values and the 
actual measured pixel values of the Tiva Canyon rhyolite. This plot 
displays the influence of mixing of surface components. For example, both 
a ferric and ferrous rich soil are within the field of view of the sensor.




It is unclear if the depth of penetration of longer wavelengths is 
causing desert varnish not to be a contributing factor within this 3x3 
pixel area. However, field verification of this area confirms that desert 
varnish is only a very minor surface component on this rhyolite. Better 
field sampling techniques are required to estimate the effect of composite 
signals on a signal measured from a space platform. The spectral response, 
whether linear or non-linear, of surface materials such as iron oxides, 
vegetation and shadow could provide the basis for spectral unmixing.
There is however, an increase in noise and a lack of spectral 
contrast caused by caused by gradational surface cover units (Goetz, 
1989). For the reasons mentioned above, a simple color composite was 
chosen to assist in identification based on a visual examination of the 
field acquired spectra (figure 10). Bands 7, 4 and 1 were chosen to 
maximize the reflectance differences between tuff units. Bands 7 and 4 
were selected to separate the ferric bearing units (Tiva Canyon quartz-la- 
tite and Rainier Mesa rhyolite) from the ferrous bearing unit (Tiva Canyon 
rhyolite). Band 1 was selected to distinguish the relative amounts of 
ferric oxides within the units of the Tiva Canyon quartz-latite and 
Rainier Mesa rhyolite. A band combination of TM 7, 4 and 1 would separate 
differences due to oxidized and non-oxidized mineralogy.
A hue, saturation, and intensity (HIS) transform was performed on 
these bands to enhance the color additive display. Gillespie (1980) 
describes hue as the average wavelength, saturation as the width around 
this average wavelength and intensity as the measure of total energy 
(regardless of wavelength). This spherical coordinate transform is 
performed on a pixel by pixel basis. Contrast stretches may then be
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applied to each of the probability distribution functions. In this case, 
a Gaussian contrast stretch was performed only on the saturation 
component. This was followed by a rotation back into red, green and blue 
color space to maintain the basic color relationship between bands. The 
color assignment of red, green and blue components for display was based 
on the sensitivity of the eye to yellow-green wavelengths. Bands 7 and 4 
were chosen as the red and green components, while the original band 1 was 
assigned the blue primary color. Plate 12 is an example of the enhanced 
imagery corresponding to the area outlined and mapped by Scott and Bonk 
(1984) in Plate 01.
Color differences in the enhanced combination between the Tiva 
Canyon quartz-latite caprock (orange imagery unit), Tiva Canyon rhyolite 
(green imagery unit) and the Rainier Mesa rhyolite (pinkish imagery unit) 
are obvious on the processed imagery. The image processing allows a 
qualitative interpretation of the relative proportions of ferrous and 
ferric mineralogy. Reds are indicating the presence of ferric oxides while 
green is indicative of the unoxidized mineralogy. The cause of oxidation 
is most probably the result of the escaping vapors. Primary iron silicate 
and oxide mineralogy became oxidized as they interacted with the migrating 
gasses. For example, the simple oxidation of magnetite to hematite is 
represented by the following equation. Table 07 lists ferric, ferrous and 
total iron compositions which reinforces the interpretation of imagery 
color units.
+2 +3 -2 -2 +3 -2
4 (Fe Fe 0 ) + 0 6 (Fe 0 )
2 4 2 2 3
Magnetite + Oxygen = Hematite
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Rhyolite: 0.05 0.76 15 0.73 pink
Tiva Canyon 
Quartz-latite: 0.03 1.64 55 1.51 orange
Tiva Canyon 
Rhyolite: 0.17 0.64 4 0.75 green
*Cinder 0.06 9.08 151 red
*Basalt 0.74 12.90 17 black
* Samples taken from Davis, et al. , 1987
Iron Content
Table 07
The devitrified rhyolitic portion of the Tiva Canyon contains 
primary ferromagnesium silicate and oxide mineralogy which has not been 
oxidized. However, the Rainier Mesa rhyolite displays oxidation effects of 
its primary mineralogy. The ratio of ferric to ferrous iron content 
indicates that the Rainier Mesa rhyolite was slightly more oxidized than 
the rhyolite of the Tiva Canyon. The quartz-latitic caprock shows 
oxidation effects, most probably due to escaping vapors from the 
underlying rhyolite. Even though the composition of the quartz -latite is 
more mafic than both rhyolites, it is also more oxidized.
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An indirect indicator of ferrous iron content is magnetic suscepti­
bility or the ease of magnetization within an external field (Carmichael, 
1989). If the interpretation of the two calibrated images is correct, 
magnetic susceptibility should be able to be inferred on a qualitative 
basis. Magnetic susceptibility should be highest for the non-oxidized Tiva 
Canyon rhyolite, followed by the more mafic Tiva Canyon quartz-latite and 
lowest for the slightly oxidized Rainier Mesa rhyolite. Table 08 lists the 
values of magnetic susceptibility which were corrected for weight.






R.M. / rhy 7.65 7.85 7.85 7.833 11.098 0.70
R .M . / rhy 5.35 5.35 5.35 5.350 14.567 0.37
T.C. / qtl 59.55 59.65 59.85 59.683 24.462 2.44
T.C. / qtl 70.15 71.25 69.45 70.283 19.115 3.68
T.C. / qtl 62.65 63.10 62.75 62.833 24.793 2.53
T.C. / rhy 562.35 563.45 559.05 561.617 28.983 19.38





Figure 13 is an example of two glassy quartz-latitic units (densely 
welded and non-welded) which displays differences primarily in welding.
Bidirectional (field) Reflectance 
Welded and Non-welded Vitropheres
Figure 13
Variations in welding (non-welded to densely welded) can only be inferred 
by indirect evidence and not be definitively identified on the basis of 
visible and near-infrared spectra. The susceptibility to weathering of the 
non-welded portions (tops and bottoms of a cooling unit) are likely to 
contain a greater proportion of clays and adsorbed water than its densely 
welded counterpart. This portion of the cooling unit would be more 
susceptible to erosion and be easily removed or concealed. The more 
densely welded portions, as expected, are more highly resistant and 
weather less rapidly. Thus, even though variations in welding can not be 
identified directly, photogeologic techniques may allow its inference.
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Crystallization Variation
Figure 14 displays the spectra of rhyolite from the devitrified and 
glassy zones.
Bidirectional (field) Reflectance 
Devitrified and Glassy Rhyolite
Figure 14
In order to isolate the variable under question, both selected 
samples were non-oxidized and densely welded. The general zones of 
crystallization (devitrification and vapor-phase) may only be inferred, as 
expected.
Compositional Variation
An extreme example of the ferrous to ferric ratio is illustrated in 
figure 15. This depicts the differences between a black (non-oxidized) 
densely welded and red (oxidized) densely welded vitrophere.
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Bidirectional (field) Reflectance 
Oxidized (red) and Non-oxidized (black) Vitropheres
Figure 15
Conclusion
Field spectra, thin sections, ferrous / ferric iron content and 
magnetic susceptibility indicate that digital satellite data aids in the 
identification of compositional variations. The choice of processing was 
designed to enhance the detection and identification of ferric / ferrous 
iron and hydroxyl content. The Tiva Canyon quartz-latite has the largest 
total iron content. The proportion of ferric to ferrous iron content 
indicates oxidation. The total iron content of both rhyolites is the same, 
yet the ratio of ferric to ferrous content is greater for the Rainier Mesa 
rhyolite. This would indicate that the Tiva Canyon rhyolite has not been 
altered whereas its overlying caprock of quartz-latite has been oxidized.
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Since there is no intervening air-fall tuff unit separating the two units, 
it is reasoned that the quartz-latite was blanketing the rhyolite while 
migrating vapors were allowed to oxidize the overlying zone.
Within the zone of dense welding occurs the devitrified zone, while 
vapor-phase zones occur within the porous zones. The vapor phase zones 
typically display uniform chalky white, pink, red or brown color patterns 
in the field (Smith, 1960). Again, it is the relative proportions of 
ferric / ferrous and hydroxide mineralogy causing a spectral signature. 
Post-cooling history (hydration and oxidation of iron) is an extremely 
important factor within Pliocene and older formations (Smith, 1960). 
However, the character of the post-cooling history should be relatively 
uniform and thus calibrated remotely sensed data proves beneficial. And of 
course, it is necessary to not only field check interpretations, but it is 
also important to include ancillary data and its derived informative 




The first scientific question posed for this thesis concerned the 
viability of VNIR digital satellite data in reconnaissance geologic 
mapping within a volcanic terrain. Simple detection of ground features is 
possible, however comparison to geological maps is inappropriate. It was 
noted that extensive parts of ash-flow sheets may be uniform in color or 
differential erosion may provide clues for areas of detailed field 
mapping. Mapping relative radiance differences employs image processing 
techniques to maximize color variations and its associated boundaries. 
Thus, it was demonstrated that Principal Component Analysis provided the 
best image processing method for mapping relative changes.
Identifying areas of compositional change, such as varying ferric 
and ferrous content, requires the calibration of data. This was accom­
plished by adjusting the satellite spectroradiometry with field acquired 
spectra. An image-based analysis indicated that two types of imagery would 
aid in the identification of compositional variations. These are the 
calibrated ratio color composite and selected enhanced band combination 
based on absorption features to depict iron oxides, iron silicates and 
hydroxides.
RECOMMENDATIONS
The following recommendations consist of improvements to the sensor, 
integration of ancillary data and data analysis. The recommendation for 
incorporating ancillary data (digital topographic data and a spectral 
library) for a non-image based data analysis has been accomplished;
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however, due to time, space and monetary constraints, these have not been 
included in this thesis.
Sensor
The use of a imaging spectroradiometer with higher spectral and 
spatial resolution would be beneficial. An increase in the spectral 
resolution would permit spectral bands for signature matching and allow 
for the identification of specific types of minerals. Spatial resolution, 
if increased, would permit the detection and identification of some of the 
thinner volcanic units. The radiometric resolution of eight bits per band 
appears adequate.
Presently, only airborne platforms have imaging spectrometers with 
higher spectral and spatial resolutions. The High Resolution Imaging 
Spectrometer (HIRIS) will represent the Earth Observation System (Eos) 




With the incorporation of digital elevation data, the scene may be 
corrected for variable solar illumination geometries due to topography. 
Changes in topographic attitude (aspect and slope) cause variable amounts 
of incident radiant flux at the surface. Even if the material is a 
Lambertian reflector, a different amount of reflected energy will be
detected at the sensor.
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Spectral Library
It is recommended that a spectral library with specific angles of 
incidence and reflection for a general determination of the bidirectional 
reflectance distribution function be created. This would provide insight 
into the non-Lambertian behavior of selected surface materials. This 
should also provide a clearer understanding of the variability of 
reflectance with incident and reflection geometries. Thus, it would 
provide estimates of variance for reflectance when spectral matching or 
mixing is applied (see below under data analysis).
Data Analysis
A hyperspectral data analysis would be the preferred method of 
identification of surface materials. A software package termed Spectral 
Analysis Manager (SPAM) (Mazer et al. , 1986), has already been written 
which performs spectrum absorption feature and mixture analysis.
Calibrated remotely sensed data corrected for variable illumination 
geometries with the use of a spectral library and these special algorithms 
would permit spectral matching. The image may be searched for materials 
residing in the library or alternatively, particular spectra may be used 
to search for their image counterparts. Additionally, relative proportions 
of different materials may be estimated. Spectral unmixing should be 
performed where components, such as desert varnish do not have the aerial 
distribution of an entire pixel (Spatz, 1987).
The recommendation for identifying surface materials comprises 
correcting for variable illumination geometries, calibration to reflect­




The Thematic Mapper is a scanning optical sensor operating in the 
visible and near infrared wavelengths. It is in a sun synchronous, near 
polar orbit at a nominal altitude of approximately 705 kilometers. The 
equatorial crossing time is 09:45 a.m. with a 16 day 233 orbit cycle. It 
relies on the forward motion of the spacecraft for the along-track scan 
and uses a moving mirror assembly to scan in the cross-track direction 
(perpendicular to the spacecraft). The instantaneous field of view (IFOV) 
for each detector for bands 1 through 5 and band 7 is equivalent to a 30 
meter square when projected on the ground. Band 6 has an IFOV equivalent 
to a 120 meter square. These data are resampled by a cubic convolution 
interpolation scheme during geometric processing to produce a 28.5 meter 
picture element. Thus, the one to one correspondence between detector and 
ground elements is lost. Radiometric sensitivity is achieved through a 
digitizing scheme that encodes all radiometric data telemetry information 








1 0.45 - 0.52 0.8% 30 m 256
2 0.52 - 0.60 0.5% II II
3 0.63 - 0.69 0.5% II II
4 0.76 - 0.90 0.5% II II
5 1.55 - 1.75 1.0% II II
7 2.08 - 2.35 2.4% II II
6 10.40 - 12.50 0.5K (NEAT) 120 m "





The data processing facility at Goddard Space Flight Center (GSFC) 
processes the raw sensor data through the TM Image processing System
atmospheric and scene conditions. Radiometric distortions derive from 
blurring effects of the sensor system itself, transmission noise, 
atmospheric interference, variable surface illumination and changes in 
surface radiance due to changes in the viewing angle. Geometric distortion 
arises from spacecraft and earth effects. The spectral response of the 
individual Thematic Mapper bands (Markham and Barker, 1988) is plotted in 
figure 16.
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The image consists of sequential rows of digital data for each 
spectral band. Within each row are individual picture elements called 
pixels. These are the fundamental units of the data structure. Each raw 
pixel constitutes a mutually exclusive area of the Earth's surface and is 
digitized according to pixel brightness level. Digitization results in a 
single number from 0 to 255 being assigned to each pixel.
Computer Compatible (CC)-product tapes (PT's) have both radiometric 
and geometric corrections applied. The consequence of the geometric 
correction is that scan lines lose their one-to-one identification with a 
unique detector after the data are mathematically resampled. For a 
complete description of the sensor, processing and format for TM data, the 
reader is referred to the User's Guide (EOSAT, 1985) and to NASA's Landsat 
to Ground Interface Description (1986).
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